Although it is commonly believed that the innovation of new drug delivery systems is of paramount importance for improving the health and quality of life of patients, there is also a keen recognition regarding upward-spiraling costs of innovation, drug discovery, and drug development against a backdrop of dwindling successes in research and development efforts.

Within the last few decades, in response to the advent of potent and versatile therapeutic agents, the diversity of conventional ophthalmic formulations has gradually evolved, extending well beyond simple solutions, and now includes a variety of types of drug administration.\[[@ref1]\]

In the ophthalmic drug-delivery systems, the physiological constraints imposed by the protective mechanism of the eye lead to the low absorption of drugs resulting in the short duration of action.\[[@ref2]\] The bioavailability of traditional ocular drug delivery systems such as eye drops is very poor because eye is protected by a series of complex defense mechanisms that make it difficult to achieve an effective drug concentration within the target area of the eye.

 {#sec1-1}

Barriers in effective ophthalmic drug delivery {#sec2-1}
----------------------------------------------

The physiological barriers imposed by the protective mechanism of the eye lead to the low absorption of drugs and results in a short duration of therapeutic action. A high frequency of the eye drops instillation is associated with patient\'s noncompliance.\[[@ref3]\] After the instillation of eye drop into the eye cavity, the effective tear drainage and blinking action of eye results in a 10 times reduction in the drug concentration within 4 to 20 minutes.\[[@ref4]\] Due to the tear drainage, most of the administered dose passes through nasolacrimal duct into the gastrointestinal tract leading to the side effects. Rapid elimination of the eye drops often results in a short duration of the therapeutic effect. The normal volume of tear in the eye is 7 *μ*l; although a nonblinking eye can accommodate a maximum of 30 *μ*l of the fluid, blinking eye can hold only 10 *μ*l, both normally and externally added solution are rapidly drained from eye. The usual single drop size of an instilled drug solution is up to 50 *μ*l and thus most of the drug instilled as eye drop is lost.

Novel innovations and optimizations {#sec2-2}
-----------------------------------

Ophthalmic therapy can be improved by altering corneal residence time of drug. Several new drug delivery systems\[[@ref5]\] are widely used, such as ocular inserts,\[[@ref6]\] collagen shields,\[[@ref7]\] etc. These systems are able to prolong the contact time of vehicle on the ocular surface and also slow down drug elimination. However, these systems are having some disadvantage such as poor compliance, uncomfort, especially by the elderly people, and many patients sometimes lose it without noticing it.

Many approaches have been developed to solve the problem in recent decades, of which colloidal drug delivery system has been paid much attention. For example, sol to gel phase transition on ocular surface such as temperature-dependent concept (pluronics),\[[@ref8][@ref9]\] pH-triggered systems (including cellulose acetate hydrogen phthalate latex,\[[@ref10][@ref11]\] Carbopols),\[[@ref12]\] Ion-activated systems including Gelrite,\[[@ref13]\] Gellan,\[[@ref14]\] and Carbopol/pluronics,\[[@ref15]\] liposome and emulsion are reported as effective ocular drug carries.\[[@ref16]--[@ref19]\] But they still have many disadvantages like expensive excipients and poor stability.

Nanostructured lipid carrier (NLC) was developed in early 1990s; now, it is a good alternative carrier of traditional colloidal-controlled release drug delivery system.\[[@ref20]\] NLC is composed of a solid lipid matrix with certain content of liquid lipid; it has many advantages such as good biocompatibility due to the use of physiological and biodegradable lipids of low systemic toxicity, possibility of production on large industrial scale, and reduction of drug leakage during storage. Another approach is to increase the transcorneal passage of drugs by incorporating permeation enhancers into formulations.\[[@ref21]\]

This problem can be overcome by using hydrogel systems and ophthalmic inserts. Hydrogel is a network of polymer chains that are water-insoluble, sometimes found as a colloidal gel in which water is the dispersion medium. Hydrogels are superabsorbent (they can contain more than 99% water) natural or synthetic polymers. Hydrogels possess also a degree of flexibility very similar to natural tissue, due to their significant water content.\[[@ref22]\] Hydrogel systems can be formulated in liquid phase suitable to be administrated by instillation into the eye cavity and which upon exposure to the stimuli such as pH, temperature, ion activation etc., changes to the gel phase and thus improves the residence time and corneal bioavailability of the drug.

The objective of the present work was to develop a novel drug delivery system with improved bioavailability, with reduction in frequency of administration by the help of hydrogels and ophthalmic insert of timolol maleate.

Materials and Methods {#sec1-2}
=====================

Materials {#sec2-3}
---------

Timolol maleate is provided by the FDC pvt. ltd, Mumbai.

Carbopols 934p was provided by the Noveon polymers, Arihant trading Co. Mumbai. Viscolizers, i.e, Hydroxyl propyl methyl cellulose was made available by S.d fine chem. ltd, Biosar. Triethanolamine, ethyl cellulose, glycerine, polyvinylpyrrolidone, sodium hydroxide flakes; sodium chloride was provided by S.d fine chem. pvt. ltd. Mumbai. All the reagents were of the analytical grade.

Preparation of hydrogels {#sec2-4}
------------------------

Hydrogels were prepared by using timolol maleate (antiglaucoma agent) along with some formulation additives such as preservatives, tonicity contributors, chelating agents, thickening agents, solvents, or buffers to attain the desirable qualities of the ophthalmic dosage forms. The ingredients included in the hydrogels such as the benzalkonium chloride (preservative), ethylenediaminetetraacetic acid (chelating agent), sodium chloride\[[@ref23]\] (tonicity contributors), and viscolizer, i.e, hydroxypropyl methyl cellulose.

Weighed quantities \[[Table 1](#T1){ref-type="table"}\] of timolol maleate, benzalkonium chloride, EDTA, and NaCl were dissolved in the pH 4 phosphate buffer under aseptic conditions. Furthermore, polyacrylic acid was slowly added with continuous stirring at the speed of 1 500 to 2 000 rpm to minimize the formation of the undispersible lumps, then viscolizers was added with a slow stirring to avoid the foam formation. Stirring was continued until a clear dispersion was formed. The prepared hydrogels were evaluated for the viscosity study in order to identify the composition suitable for the use.

###### 

Composition details of hydrogels and ophthalmic inserts

![](JPBS-3-280-g001)

Preparation of ophthalmic inserts {#sec2-5}
---------------------------------

Accurately weighed quantity of HPMC was soaked in one-third volume of distilled water for 24 hours. Specified quantity of plasticizer was then dissolved in remaining amount of water. Both the solution was mixed together with the help of magnetic stirrer. 5 ml of resultant mixture was poured into each fabricated plastic ring of a specific area (25.53 cm^2^) placed on a mercury substrate.

Drying was carried out at 80°C for 24 hours in hot air oven. After the drying, resultant polymeric patches are cut into a diameter of 6 mm for different evaluation studies.

Formulation of rate-controlling membrane:- The ethyl cellulose was dissolved in one-third quantity of chloroform, dibutyl phthalate as a plasticizers in remaining chloroform, then mixed both the solutions, thoroughly to get a uniform dispersion. This solution was poured on mercury substrate and dried at room temperature for 24 hours.

After drying, 7-mm patches in diameter were cut out with the help of borer. Drug containing 6-mm patches were sandwiched between two pieces of 7-mm diameter of rate-controlling membrane and pasted with the help of chloroform.

Finally, ophthalmic inserts containing drug reservoir were entrapped between two layers of rate-controlling membrane. Each insert was containing a drug equivalent to the three drops of eye drop. Dose calculation was done on the basis of total area of patch having drug.

Evaluation of the hydrogels and ophthalmic inserts {#sec2-6}
--------------------------------------------------

### Rheological studies for hydrogel {#sec3-1}

Viscosity determination of the prepared hydrogels were determined using Brookfields viscometer LVDV II^+^. The viscosity of the hydrogel was measured at different rpm (10, 20, 30, 50. 60, 100). The correct viscosity of the hydrogel was noted at particular spindle at which it shows maximum percent torque value \[[Table 2](#T2){ref-type="table"}\].

###### 

Viscosity details of the hydrogels at pH 4.0 and pH 7.4

![](JPBS-3-280-g002)

The results demonstrate that at acidic pH 4, hydrogel were low viscous and at pH 7.4 (pH of eye cavity), it changes into a highly viscous preparation. The literature also suggests that the viscosity value in the range of 15 to 50 cps significantly improves the contact time of the formulation on the corneal surface and higher viscosity values offer no significant advantage and have a tendency to leave a noticeable residue on the lid margin.\[[@ref24]\]

Evaluation of ophthalmic inserts {#sec2-7}
--------------------------------

### Thickness\[[@ref25]\] {#sec3-2}

The thickness of the occusert was measured using screw gauge with a least count of 0.01 mm at different spots of the patches. The thickness was measured at five different spots of the patch and average was taken. Thickness was found to be in the range of 0.231 to 0.330 mm \[[Table 3](#T3){ref-type="table"}\].

###### 

Evaluation parameter of ophthalmic inserts
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### Weight measurement\[[@ref25]\] {#sec3-3}

Five films were taken from each batch and their individual weights were determined by using electronic balance. Weight of ophthalmic insert was found to be in the range of 0.246 to 0.270 g \[[Table 3](#T3){ref-type="table"}\].

### Moisture uptake\[[@ref26]\] {#sec2-8}

The percentage moisture uptake test was carried out to check physical stability or integrity of occuserts. Occuserts were weighed and placed in a dessicator containing 100 ml of saturated solution of aluminium chloride and 79.5% humidity was maintained. After three days, the occuserts were taken out and reweighed, the percentage moisture uptake was calculated by using formula. Values were found to be in the range of 3.75 to 7.23 \[[Table 3](#T3){ref-type="table"}\].

### Moisture loss\[[@ref27]\] {#sec3-4}

The percentage moisture loss was carried out to check integrity of the film at dry condition. Occuserts were weighed and kept in a dessicator containing anhydrous calcium chloride. After 3 days, the occuserts were taken out and reweighed, the percentage moisture loss was calculated using the formula and values were found in the range of 6.67 to 10.35 \[[Table 3](#T3){ref-type="table"}\].

### Folding endurance\[[@ref28][@ref29]\] {#sec3-5}

The flexibility of occuserts can be measured quantitatively in terms of what is known as folding endurance. Folding endurance of the patches was determined by repeatedly folding a small strip of the patch (approximately 2 x 2 cm) at the same place till it broke. The number of times patch could be folded at the same place, without breaking, gives the value of folding endurance. Ophthalmic inserts show the folding endurance in the range of 131 to 141 \[[Table 3](#T3){ref-type="table"}\].

Tensile strength {#sec2-9}
----------------

The tensile strength of occusert refers to tension or force required to tear off the patch apart into two places. This was determined with an instrument assembled in the laboratory. For this, both the ends of the patches were enclosed between two pairs of acrylic slides with the help of clamps. One pair of acrylic slides enclosed with the upper end of the patch was fixed to a metal stand; elongation can be conveniently observed with the travelling microscope. To the other pair of acrylic slides, a pan was suspended with the help of a wire loop. Strips of 6 cm in length and 1 cm in width were cut using a razor blade and stainless steel guide. This procedure was preferred to die cutting in order to avoid notching of the specimen. To small marking 4-cm apart and 1-m of each end of specimen that were made on sample with ink samples were than observed under microscope to detect flaws. Tensile strength was found in the range of 1.84 to 2.0 kg \[[Table 3](#T3){ref-type="table"}\].

Evaluation of hydrogel and ophthalmic inserts drug polymer interaction studies {#sec2-10}
------------------------------------------------------------------------------

Drug polymer interaction studies were carried out by infrared spectral analysis. Infrared spectra of timolol maleate pure drug were scanned by using Perkin elenmeyer 1600 FTIR, by a thin film method. The drug timolol maleate in its infrared spectrum exhibits a strong peak at 3 445 cm^-1^, indicating the presence of -OH group. The absorption due to the -NH group present molecule is supported by exhibition of a shoulder to the main peak around 2 100 cm^-1^ . The drug contain more than one C=N absorption present in the thiadiazole moiety of the heterocyclic ring system. When pure drug was formulated with the Carbopol 934p and viscolizers, the spectrum obtained for this formulated product exhibit a broad absorption peak from 3 050 to 3 500 cm^-1^, indicating the participation of the alkali hydroxyl in forming gel preparation. The increased viscosity leads to a broadening of peak \[[Figure 1](#F1){ref-type="fig"}\]. The spectral data suggest that the intactness of the thiadiazole ring structure of the timolol maleate indicated by the absence of the additional peaks which confirm the opening of the thiadiazole ring is not taking place. Hence, the drug timolol maleate was not reacting with the polymers used in the formulation.

![Comparative % drug release study](JPBS-3-280-g006){#F1}

*In vitro* release study of timolol maleate {#sec2-11}
-------------------------------------------

*In vitro* release rate of the timolol maleate from the sol-gel system for the corneal drug availability was determined by the diffusion process. 1 ml of the formulation was kept in the donor compartment over a cellophane membrane which was rinsed and soaked for 24 hours in the diffusion medium. The donor compartment was immersed in the receptor compartment containing 50 ml of the phosphate buffer of pH 7.4, the beaker containing diffusion medium (receptor compartment) was maintained at 37^0^ C with the constant stirring at 22 rpm using the magnetic stirrer. 1 ml aliquots were withdrawn from the diffusion medium every hour for the 8 hours and same quantity of fresh, prewarmed diffusion medium was replaced for the amount withdrawn\[[@ref30]\] \[[Table 3](#T3){ref-type="table"}\]. The samples withdrawn were analyzed spectrophotometrically at 294 nm for the timolol maleate using Shimazdu Double-beam UV-Visible spectrophotometer.\[[@ref31]\] Drug release data \[Tables [4](#T4){ref-type="table"} and [5](#T5){ref-type="table"}\] \[[Figure 1](#F1){ref-type="fig"}\] were fitted to various kinetic equations such as Flux plots \[[Figure 2](#F2){ref-type="fig"}\], First order plots, Higuchi plots and Peppa\'s exponential plots. The results show fairly linear curve and the slope value of the Peppa\'s equation is less than 0.5 and hence follows the Fickian diffusion.

###### 

Hydrogel and ophthalmic insert % drug release comparison
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###### 

Comparison of hydrogel flux and ophthalmic insert flux
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![Comparative flux study](JPBS-3-280-g009){#F2}

Sterility testing {#sec2-12}
-----------------

The sterility testing of the ophthalmic drug delivery systems were performed for the aerobic bacteria, anaerobic bacteria, and fungi by using alternative thioglycolate medium and soybean casein digest medium. The positive control (growth promotion) and negative control (sterility) test were also carried out.\[[@ref32]\] *Bacillus subtilis* was used as a test organism in case of aerobic bacteria test. *Bacteroides vulgatus* was used as a test organism in case of anaerobic bacteria test and *Candida albicans* in fungi test.

Incubation was carried in all cases and growth was checked. The overall results of the sterility test showed that ophthalmic formulation prepared passes the sterility test as there was no evidence of the growth found in the negative control test tubes. Thus, the hydrogels and inserts were found sterile in nature.

Results {#sec1-3}
=======

Viscosity of the prepared hydrogels lies in the optimum range, i.e, 25 cps at the pH 4 and up to 50 cps at the pH 7.4. I.R studies show that there was no interaction of the thiadiazole ring, which shows that the drug and polymer was not reacting together. The hydrogel formed provide a sustained drug release up to 90% over an 8-hour period. All the formulation passes the test for the sterility.

In case of ophthalmic inserts, weight was observed and result lies in the range of 0.246 to 0.270 g. Moisture uptake values were found to be in the range of 3.75 to 7.23. Moisture loss values were found in the range of 6.67 to 10.35. Ophthalmic inserts show the folding endurance in the range of 131 to 141. Tensile strength was found in the range of 1.84 to 2.0 kg.

Drug release data were fitted to various kinetic equations such as First order plots, Higuchi plots, and Peppa\'s exponential plots. The results show fairly linear curve and the slope value of the Peppa\'s equation is less than 0.5 and hence follows the Fickian diffusion.

Conclusion {#sec1-4}
==========

In the present research work, timolol maleate was successfully formulated in hydrogels and inserts. The hydrogels were liquid at pH 4 buffer and undergo rapid gelation after change in the pH 7.4. The hydrogels were evaluated for the several parameters like viscosity, drug-polymer interaction, *in vitro* drug release, sterility testing, and *in vivo* study. The hydrogels are safe, provide increased precorneal residence time, and are therapeutically efficacious. Similarly, ophthalmic inserts were also evaluated for % moisture loss, % moisture uptake, thickness, and tensile strength, and it was found that prolonged and sustained drug release was observed. Finally, in conclusion to our studies, we suggest that hydrogels are considered as a good choice of ophthalmic drug delivery because there is less chance of irritation during insertion and expulsion from eye cavity. Hydrogels are able to deliver increased flux, whereas insert provide very less flux.
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